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ABSTRACT
Ion implantation and the subsequent redistribution of Mn atoms in Czochralski Silicon (Cz-Si)
and Floating Zone Silicon (Fz-Si) due to thermal annealing between 300 °C and 1000 °C is
studied using Secondary Ion Mass Spectroscopy. Ion implantation was done at a dose of 1×1016
cm-2 at 160 keV at room temperature and 340 °C. The samples ion implanted at 340 °C showed
multiple peak formation above 900 °C. This was not observed for the samples ion implanted at
room temperature. Cz-Si and Fz-Si showed similar diffusion profiles. Fz-Si showed some out
diffusion when compared to the Cz-Si substrate ion implanted at 340 °C. The slope of the tail
end was gradual in case of samples ion implanted at 340 °C. The tail moved down and to the left
at higher annealing temperatures due to gettering. In the case of room temperature ion
implantation the concentration at the tail decreased by 2 to 3 orders of magnitude. A bump is
noticed in the room temperature ion implanted sample that is the signature of solid phase
epitaxial regrowth. Magnetic measurements were made using a Superconducting Quantum
Interference Device Magnetometer. Paramagnetism was obtained for ion implanted and
thermally annealed specimens in all the cases. Magnetization obtained was high for samples ion
implanted at 340 °C but was lower for samples ion implanted at room temperature. Annealing
does not seem to have a marked difference in paramagnetism of Cz-Si and Fz-Si
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CHAPTER ONE: INTRODUCTION

It has been noted that compound dilute magnetic semiconductors exhibits ferromagnetism on
doping with transition elements[39-41]. Si with high quality crystals can be obtained at low cost
[4-7]. Bolduc et al. has recently reported ferromagnetism in the case of ion implantation of ptype and n-type Si with Mn [6]. This has been a motivation for a detailed analysis of the
diffusion of Mn in Si at room temperature, at higher temperatures and to further analyse the
magnetic properties that arose thereof. Thus we use Secondary Ion Mass Spectroscopy (SIMS) to
study the diffusion of Mn in Si at different temperatures and a Superconducting Quantum
Interference Device (SQUID) Magnetometer was used to characterize the magnetic properties.

In this chapter the element Si is introduced and then a review of the previous work done on Mn
in Si is outlined. A discussion of diffusion of various elements in Si is necessary. This is
explained in the second chapter along with the theory of magnetic properties. The experimental
techniques are also discussed in the second chapter followed by the results in the third and the
discussion of these results in the fourth. Finally a conclusion of the research work that has been
done is given in the end.
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Silicon

The crystal structure of Si is the same as that of diamond and α-tin. In this structure, each atom is
surrounded by four nearest neighbor atoms to form a tetrahedron with covalent bonds. Each atom
is said to be four-fold coordinated. The tetrahedrally bonded semiconductors are the mainstay of
the electronics industry and the crux of modern technology. The main techniques used to grow
dislocation free Si single crystals are Czochralski method which accounts for 80% of the growth
method and the rest is grown by Float-zone method. [48]

Silicon atom
Figure 1Crystal Structure Of Silicon
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Defects in Cz and Fz Si [47]

In the case of Cz Si there is a high oxygen content. Therefore point defects can be self-point
defects like vacancies or oxygen impurities. Fz Si is a purer form of Si but a supersaturation of
point defects occur during growth which leads to agglomeration of self-point defects called
‘swirl-defects’. The carbon content in both the cases is nearly the same.

Point Defects

Si crystallizes in the diamond lattice type which has low packing density only 34% in the hard
sphere model. The geometrical conditions in the diamond lattice naturally favor the formation of
interstitial atoms and not so much that of vacancies. The Si lattice contains much less vacancies
than a typical metal lattice in thermal equilibrium which contains 10-3 vacancies at the melting
point after freezing while Si only has 2×10-9 and 6×10-6 under the same circumstances.

There is no clear consensus on the understanding of diffusivity of vacancies and self-interstitials
in intrinsic Si. Most of the effects suggest a dominance of interstitials.

Self-interstitial concentration due to oxidation and oxygen precipitation are important. It leads to
the formation of extrinsic stacking faults and to enhanced or retarded diffusion of impurities
depending whether these impurities diffuse via interstitialcy or vacancy mechanism. The smaller

3

atoms diffuse via an interstitial mechanism called kick-out mechanism and the bigger atoms via a
vacancy mechanism called dissociative mechanism.

Due to oxidation, thick oxide layers are formed. The oxygen and Si atoms combine to form SiO2.
In this case Si atoms are removed from the Si lattice which leads to
a) vacancies that are emitted into the lattice
b) self interstials are absorbed at the Si-SiO2 interface.

Aggregation Phenomena

Aggregation of impurities leads to the formation of impurity complexes or a new phase.
Complexes contain a few atoms and remain isolated. New phases are large aggregates of new
compounds. Examples of new complexes are thermal donors, C-O complexes, metal-boron
complexes. Typical examples of new phases are SiC and SiO2. The new phase nucleates either
homogenously at any random point or heterogeneously at structural irregularities and impurity
sites.
If precipitate nuclei are present then precipitation can take place depending on the diffusivity of
the impurity. The particles can grow larger and exert compressive strain on the host lattice. If the
strain cannot be released then it causes the precipitation to stop after some time. The possible
strain releasing mechanisms are
a) plastic deformation of the surrounding lattice
b) formation and emission of Si interstitials
c) absorption of vacancies
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Oxygen Related Microdefects

Thermal donors are the smallest oxygen precipitates. Their atomistic structure is still uncertain
today. The formation rate of the thermal donors is proportional to about the fourth power of the
oxygen concentration in Si. Thermal donors contain 4, 6, 8, 10, 12 and so on oxygen atoms the
next higher thermal donor having two more oxygen atoms. After prolonged annealing at 450 °C
not only thermal donors are formed, but also electrically neutral complexes or precipitates of
larger size than thermal donors. Donors can be eliminated by annealing at higher temperatures.

The smallest oxygen precipitates which could be detected by transmission electron microscopy
are ‘rod-like defects’. They are probably coesite needles. Coesite is a crystalline modification of
SiO2. The needle like shape and the coesite structure stem from the difficulties in building up
larger SiO2 precipitates in the hard and non-plastic Si lattice at temperatures below 800 °C. A
needle like precipitate causes less strain than a spherical precipitate of the same volume. The
coesite modification results from the high strength of Si lattice at low temperatures. The
formation of rod-like precipitates is an alternative to plate-like or spherical precipitates in spite of
the high surface energy of the needles.

Above 800 °C the Si lattice becomes more and more plastic. The strain of the growing SiO2
particles like platelets, polyhedrons and spheres can be released by generation and punching of
prismatic dislocation loops. SiO2 particles are layers of Si and O2. Here for each layer of O2, a
layer of Si is driven away for strain release. The edge of the detached Si layer is a perfect
dislocation loop. The space passed by the moving dislocation loop is in the form of a prism.

5

Some of these dislocation loops act as nuclei for precipitation of Si interstitials and leads to
stacking faults.

Oxidation Induced Stacking Faults

Mechanical damage at the surface of Si acts as heterogenous nucleation sites for the precipitation
of Si self-interstials. When heated upto oxidation temperature the damage generates small
dislocation loops which dissociate into Frank and Shockley dislocation loops. The small Frank
dislocation loops that surround small extrinsic stacking faults grow by absorbing Si selfinterstitials leading to Oxidation Stacking Fault. In another case, the stacking faults are also
nucleated by bulk microdefects which are present throughout the volume of the wafer.

Gettering

Crystal defects in the interior of the wafer gather the fast diffusing impurites during cooling thus
preventing their precipitation at the surface or active areas of the electronic device. The gettering
sites are mainly the partial and perfect dislocation loops which are generated as secondary
defects by the oxygen precipitates.
Solid Solubility of Mn in Si

Solid solubility is defined as the maximum concentration of a substance that can be dissolved in
a solid at a given temperature. Given below is a phase diagram between Mn and Si. This shows
the different phases that form between Mn and Si at different alloying compositions and
temperatures.
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Figure 2 Binary Phase Diagram Of Mn And Si

Literature Review

D. Gilles et al. in 1986 [1] studied the diffusivity at 900 to 1200 °C by deep level transient
spectroscopy. The surface concentration was deduced by tracer method with 60 to 70 % Mn
content. H. Nakashima et al. in 1992 investigated diffusivity with deep level transient
spectroscopy. The diffusivity equations respectively were:
D(cm2/s)=6.9×10-4exp[-0.63(eV)/kT]
D(cm2/s)=2.4×10-3exp[-0.72(eV)/kT]
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Chow et al. have worked on the secondary ion mass spectroscopy characterization of the
diffusion of many elements, ion implanted in (100) single crystalline Si, which included Mn. It
was noted that Mn tends to diffuse to the surface of single crystalline Si at temperatures above
700 °C. Mn was observed to be a fast diffuser in Si if the annealing temperature was above 500
°C. The diffusion mechanism reported was interstitial with a diffusivity of 2×10-6 cm2/s and a
solubility of 3×1016 atoms/cm-3 at 1000 °C, referring to a book by F. Shimura in 1989. [2]

Impurity concentration in the case of ion implantation generally has a Gaussian distribution.
Diffusivity of 8.8±0.1×10-17 cm2/s was obtained for Mn in SiO2 at 1000 °C. The near surface and
surface regions have more damage due to ion-implantation that can affect diffusion. It was also
noted that the impurity species near the surface may also evaporate from the surface. The profile
therefore was considered from the peak to the SiO2/Si interface. [3]

The structural properties of Mn-implanted Si was studied by Bolduc et al. in 2005. p-type (100)
wafer was used for this study. Energy of 300 keV at a dosage of 1-10 x 1015 cm-2 was used to ion
implant Mn in Si wafer. Following this rapid thermal annealing RTA was performed at 800 °C
for 5 minutes in nitrogen. The concentration depth profile was studied by Secondary Ion Mass
Spectroscopy. Multiple peaks were obtained at temperatures from 600 °C. RBS energy spectra
was used to study the structural properties. It was observed that the crystal quality was better
after annealing. It was proved that substitutional Mn occurs with the RBS data. Before annealing
the profiles showed a gaussian distribution which corresponded to their TRIM calculations. After
annealing the Mn redistributed to give rise to multiple sharp peaks. The annealing time had no
effect on the number or redistribution of peaks. The behavior of redistribution is attributed to
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residual implant damage and may also be affected by solid solubility of the dopant. This may
indicate the formation of MnSi1.7 crystallites or clusters due to supersaturated concentration.
Formation of crystallites leads to superparamagnetism. Annealing is required to remove postimplant defects such as vacancies.[4]

Bolduc et al. have also studied the effects of annealing Mn-impanted Si. p-type Si (111) wafers
were implanted with 300 keV Mn+ ions at 350 °C at a dosage of 1x1016 cm-2 and then annealed at
500-900 °C for 5 minutes. An out-diffusion of Mn at higher temperatures was reported. At
600 °C a Mn redistribution was observed. The profile showed three peaks that appear around 60,
180 and 260 nm. The peak observed at 180 nm completely disappears when annealed at 900 °C.
A small peak is observed deeper in the sample at approximately 600 nm.

Bolduc et al. had the following reason for the formation of multiple peaks in the case of Mn in Si.
Mn redistribution is related to defect assisted diffusion. During implantation a huge number of
point defects such as vacancies, interstitials and vacancy-interstitial pairs are created. At high
annealing temperatures, solute atoms are dragged through the damage region due to the high
mobility of such defects.

Multiple concentration peaks suggest that Mn atoms are trapped at specific defect sites. Mn
atoms preferentially remain in defect regions instead of diffusing further into the material
because of the low solubility of Mn in Si. It is reported that the last peak at 600 nm may be
because of the end-of-range implantation damage. This band of extended defects consists of
dislocation loops that are stable upto 1100 °C. Therefore it was noted that Mn precipitates into
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the end-of-range dislocation loops instead of diffusing deeper into the silicon material. The
evolution of profiles is closely related to the distribution of point defects. The out diffusion
observed at higher temperatures coincided with a decrease in saturation magnetization. [5]

300 keV Mn+ ions implanted in Si yielded a saturation magnetization of 0.3 emu/g at 300 K (27
°C) for 0.8% peak atomic concentration. The saturation magnetization increased two times by
annealing at 800 °C for 5 min. It was noted that the Curie temperature was above 400K (127 °C)
and unaltered by Mn concentration or thermal annealing. It is mentioned that the long range
coupling of magnetic moments of sparsely distributed Mn which overcomes short-range antiferromagnetism in the bulk Mn leads to ferromagnetism. It is also noted that the long-range
exchange coupling is hole mediated and thus dependent on carrier concentration and type.
It was clearly observed that n-type Si had a weaker saturation magnetization than p-type Si
which suggested that ferromagnetic ordering was hole mediated. Annealing increases saturation
magentization by two times from 0.3 emu/g to 0.6 emu/g. This is because the damage due to
implantation was decreased leading to greater hole-mediated coupling. Fully saturated hysteresis
loops were obtained without a blocking temperature which can be caused due to
superparamagnetism because of second phase crystallites or precipitates. [6] Secondary phases
such as MnSi1.7 have been reported by Bolduc et al. [7]

Misiuk et al. have been working on ion implantation of Mn in Cz-Si and Fz-Si. The treatment
method that they follow is a combination of high pressure and high temperature to analyze the
properties in the new conditions. We will discuss their work before the treatment at high pressure
and high temperature first. In the case of Cz-Si ion implantation of Mn below 340 K (67 °C)
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results in complete amorphization. In case of Fz-Si ion implanatation was performed at 610 K
(337 °C) which resulted in partial recovery during ion implantation. The amorphization was
confirmed by PL spectra. It was reported that the preferred site for Mn in Si is the interstitial one.
For as-implanted Cz-Si paramagnetic signal dominates but small ferromagnetic contribution is
also detectable. The coercive field equals to about 50 Oe. For Fz-Si:Mn the diamagnetic signal
dominates, but small contribution of ferromagnetic phase is also detectable. Not just the
temperature of the Si substrate at implantation and defect structure after processing are of critical
importance in respect of its magnetic properties. The conductivity type and concentration of
carriers in initial non-implanted silicon seem to be of minor importance in respect to magnetic
ordering. [8]

In DMS ferromagnetism can be achieved with a concentration of 1020 /cm3 but the solubility
limit is only 1018 at 1000 K for transition metals. The excess atoms form dimers that null
magnetic moments and precipitates with the host matrix. Thus ion implantation is used in order
to achieve dilution since it is non-equilibrium technique. An implantation of Mn in MnxGe1-x
showed that the Mn diffused to the porous substrate caused by oxygen contaminant adsorption.
The reason attributed was that the mobility was more at the porous substrate. Ge grain formation,
gathering effect of oxygen for multiple peak formation. Recrystallization happens at random and
not by SPER. This phenomenon is accompanied by diffusion of Mn atoms to the surface. A soft
magnetic response is obtained similar to as-implanted due to surviving amorphous regions and a
hard response due to a phase of diluted Mn in the Ge nanocrystals [9]
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MnSi1.7 nanoparticles were reported by Zhou et al. where the size of the nanoparticles increased
on annealing. The nanoparticles were found on ion implantation itself. The presence of these
nanoparticles led to ferromagnetism with a saturation moment of 0.21 µm per Mn atom at 10K.
Annealing did not affect the distribution of Mn significantly. It removed implantation induced
damage. The sample of 1×10 16 RTA shows a clear hysteresis behavior with a saturation of 0.21
µB/Mn and a coercivity of 275±25 Oe. In contrast, both samples of 5×1016 as implanted and
5×1016 RTA show very weak hysteretic behaviors. All other samples 1×1016 as implanted,
1×1015 as implanted, and 1×1015 RTA did not show any detectable magnetism. Below 10 K,
these nanoparticles exhibit ferromagnetic behavior, while above 100 K, the M-H loop shows
neither clearly remanence nor coercivity, and these nanoparticles are superparamagnetic [10]

Zheng et al. used samples that were (100) p-type Si wafers. Mn+ dosage 5×1016 at 260 keV.
Si0.95Mn0.05 had coercivity of 30-100 Oe at 5K. Bolduc reported coercivity of 250 K at 10 K. At
300K this author reported a coercivity of 80-150 Oe. Saturation magnetization was less for
samples annealed for 10 min than for those annealed for 5 min. It was 2x at 5 K and 5x at 300 K
compared to 10 K.Ferromagnetism was observed to be hole mediated. P-type conductivity with
ferromagnetic ordering and Curie temp above room temperature. [11]

Bandaru et al. used p-type Si wafers. Dosage was 10×1016/cm2 at 100 kV and 10×1015 at 100, 50
and 25 kV. Top 150nm was amorphized due to ion implantation. Near saturation 0.9 Ms reached
at low field of 1.5 kOe. RIE revealed that Ms and Mr increased as the sample was etched deeper.
The reason given was that the amorphous layer could be antiferromagnetic or diamagnetic. Here
cluster free soft ferromagnetism has been reported. [12]
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Solid Phase Epitaxial Regrowth (SPEG)

SPEG occurs when the amorphous part is in direct contact with the adjoining crystalline
substrate during annealing. The amorphous region gets ordered layer by layer thus converting it
to a crystalline phase. In this way the ‘epitaxial layer’ that has been converted to the crystalline
layer moves toward the surface. In an ideal case as shown in Figure 3 the entire substrate gets
recrystallized. Epitaxial layer growth means that the amorphous-crystalline interface is moving
towards the surface. The amorphous region thickness is reduced and the crystalline region
replaces it.
The following diagram is a schematic depiction of how SPEG occurs.

Figure 3 Schematic Of Solid Phase Epitaxial Regrowth
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The tendency for Am-Si to crystallize is because the free energy for the crystalline phase is lower
than that of the amorphous phase. This process can be described by the Arrhenius type equation.
Regrowth velocity depends on temperature, activation energy, crystallographic orientation and
presence of impurities. It is known that the amount of defects is high just beneath the
amorphous-crystalline interface. These defects are predominantly Si self-interstitials. A high
amount of these interstitials can accelerate the regrowth of the crystalline layer. It has also been
noted that regrowth also happens faster at higher stress levels. If the Si has been doped or has
impurities then the crystallization kinetics depends on precipitation, impurity segregation etc.
[13,14]

The regrowth is non-linear and happens quickly in the beginning and then slows down. This is
because the amorphous regions deep inside may still have some amount of crystallinity that is
still left. So the growth appears to be faster initially. Besides the regrowth is dependent on the
depth of the amorphous-crystalline interface. If the thickness of the amorphous region is more
then the regrowth is faster.[14] This is possibly because diffusion is easier if there are more
lattice defects due to higher disorder. The number of defects below a higher depth of amorphous
region would be more.

The activation energy for Am-Si to crystallize has been proven to be 2.7 eV between the
temperature range 470 to 1350 °C. Random crystallization however becomes more dominant
above 1350 °C and has a different activation energy of 4 eV. The melting point of Am-Si is
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1200 °C. All reactions below this temperature occur in the solid phase. However reactions above
this temperature may also happen in the solid phase depending on how quickly the temperature
was raised and its duration![13]
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CHAPTER TWO: EXPERIMENTAL TECHNIQUES AND THEORY

Ion Implantation

Ion implantation is the process by which ions are implanted in a solid to alter the physical
properties of the solid. An ion is produced by an ion source which gets accelerated
electrostatically onto a target in a chamber. Typical energies used for acceleration are between 2
to 500 keV. The depth of penetration depends on the acceleration voltage and the ratio of the
atomic masses of the substrate and the ion. When the high energy ions strike the surface of the
substrate they lose energy by nuclear stopping or electron stopping. This energy loss happens at
random and the ions do not stop at the same distance. The average distance from the point of
entry to the substrate to the maximum concentration is called Rp or projected range. The net
distribution of ions versus the depth of penetration yields a Gaussian type profile. The maximum
depth to which the ions reach is called End of Range (EoR). EoR is a region of high implantation
damage. [21-25]

Advantages

1. High speed
2. Reproducible
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3. Homogenous
4. Good control of doping amounts
5. Minimum lateral diffusion unlike thermal diffusion
6. Shallow layers can be doped
7. Low temperature process
8. Privelage of using photoresist as mask

Disadvantages

1. Mechanical movement of equipment is required
2. Crystal structure of target is damaged or destroyed
3. Chemical composition of target can change

Secondary Ion Mass Spectroscopy (SIMS)

The sample to be analyzed is bombarded by a primary ion beam of Cs+ or O2+. These ions sputter
from the surface and that mass is utilized to determine the atomic composition. Continuous
bombardment results in etching and a depth profile is obtained.
The irradiation of the sample by the primary ion beam causes erosion of the sample, as well as
the production of positive and negative secondary ions and neutral particles that are
characteristic of the sample surface. Secondary ions are those ions that are emitted from the
sample on primary ion bombardment.
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SIMS data can be mass spectra, depth profiles or images.

A mass spectrum represents a

secondary ion intensity as function of mass to charge ratio. A depth profile is the secondary ion
intensity versus depth. The images obtained is a lateral distribution of the secondary ions.
End of Range (EoR) is the region upto which ion implantation damage occurs. Beyond this
region the crystal is undamaged. [28-30]

Figure 4 SIMS Depth Profile

Advantages of SIMS

1. good depth resolution
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2. high sensitivity
3. all elements can be detected
4. quick
5. quantitative analysis possible
6. both 2 and 3 dimensional analysis possible
7. minimum sample preparation

Disadvantages of SIMS

1. Destructive analysis
2. Secondary ion yield may differ
3. Quantification is not easy since standards are required for each element
4. Expensive
5. Difficult to use

Superconducting Quantum Interference Devices (SQUID)

There are two main types of SQUID: DC and AC. AC SQUIDs have only one Josephson
junction whereas DC SQUIDs have two or more junctions. These junctions function as the
sensor to measure the magnetic field. A change in the magnetic field causes a proportional
change in the magnetic flux of the Josephson juction.
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SQUID is used to measure extremely small signals such as weak magnetic fields. The base
electrode of the SQUID is made of a very thin niobium layer, formed by deposition, and the
tunnel barrier is oxidised onto this niobium surface. The top electrode is a layer of lead alloy
deposited on top of the other two, forming a sandwich arrangement. To achieve the necessary
superconducting characteristics, the entire device is then cooled to within a few degrees of
absolute zero with liquid helium.

More recently developed "high temperature" SQUIDS are made of a substance called yttriumbarium-copper-oxide (chemical formula YBa2Cu3O7-x), and are cooled by liquid nitrogen which
is cheaper and more easily handled than liquid helium. Figure 5 below shows the ferromagnetic
hysteresis loop that can be measured using a SQUID magnetometer. [31,32]

Advantages

1. Sensitive
2. Record weak magnetic fields
3. Good frequency response

Disadvantages

1. Requires cooling
2. Packaging difficult due to liquid helium and nitrogen
3. Must be kept at superconducting state
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Figure 5 Magnetization Curve

Figure 5 shows how a typical graph obtained from a SQUID magnetometer looks like for a
ferromagnetic material. The maximum magnetization that can be obtained is called saturation
magnetization. Decreasing magnetic field from saturation magnetization does not bring the
magnetization to zero. Instead when the magnetic field is zero there is some magnetization
remaining that is called remnance and similarly when the magnetization is zero, for a
ferromagnetic substance the magnetic field is not zero and this value is called coercivity. When
both coercivity and remnance are zero then the material is said to be paramagnetic.
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Experimental Techniques

Cz Si was p-type with a carrier concentration of 1×1016 cm-3, an oxygen concentration of 9×1017
cm-3 and orientation (001). The Fz-Si substrate was n-type with a carrier concentration of 1×1014
cm-3 and oxygen concentration of 1.5×1017 cm-3 Mn+ ions with a dosage of 1 × 1016 ions/cm2
were implanted at Implant Sciences Corporation. The ion implantation energy of all the samples
was 160 keV. The ion implantation of Fz-Si was performed at room temperature. Cz-Si was ion
implanted both at room temperature and at 340 °C.

The ion implanted samples were annealed at 300, 500, 700, 900 and 1000 °C for 30 min each in
a high purity argon atmosphere (99.999%) under 1 atmospheric pressure. The annealing
procedures were carried out using a Lindberg furnace with a long quartz tube. The furnace was
initially heated to a temperature approximately 100 °C below the annealing temperature to clean
the alumina boat in which the samples are to be placed. Once the desired temperature is attained
the samples were placed in the alumina boat in and pushed to the center of the furnace where the
temperature is exactly the same as the reading shown on the furnace. The annealing temperature
was controlled within ±1 °C. After completion of the annealing process, the quartz tube was
removed from the furnace immediately and the samples were cooled with argon flow to room
temperature.

To obtain the depth profiles of Mn in Cz-Si and Fz-Si, Secondary Mass Ion Spectroscopy (SIMS)
characterization is carried out with a CAMECA IMS-3f at University of Central Florida’s
Materials Characterization Facility using a 150 nA O2+ primary beam with impact energy of 10
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keV. The depth scale is established by measuring the crater depth with an Alphastep profilometer,
and the concentration is calibrated with the implantation dosages of the as-implanted substrates.

Measurement of magnetization versus the applied magnetic field was performed using a Super
Conducting Quantum Interference (SQUID) magnetometer. All the samples were cooled from
room temperature to the temperature at which measurements were made. These temperatures
were 5K, 10K, 100K and 300K with Cz-Si as implanted samples. SQUID measurements were
done at 5K and 10K for the Cz-Si samples that were ion implanted at 340 °C. The Fz-Si samples
were also measured at 5K and 10K.

Theory

There are two main reasons for studying diffusion. First a knowledge of diffusion is important to
understand the changes that occur at high temperatures. The second reason is to learn more about
how atoms move in solids. This is intimately connected with the study of defects in solids.

In 1855 Adolf Fick propsed this equation for diffusion in solutions.

J = −D

dC
dx

(1)
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J is the flux or quantity per second passing of diffusing matter passing normally through a unit
area under the action of a concentration gradient dC/dx. The factor D is known as the diffusivity
or diffusion coefficient.

This is the basic equation for the experimental study of isothermal diffusion

∂ 2C
∂c
=D 2
∂t
∂x

(2)

Generally a higher concentration is obtained at the surface while the concentration falls off with
complementary error function into the material. This profile is a function of time, temperature
and diffusivity.
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Figure 6 Diffusion Coefficients For Different Dopants In Silicon

The lines representing Group III and V elements lie above lines for Si self diffusion and is
approximately parallel to it. In addition there are some solutes that diffuse much faster and with
lower activation energies eg. Cu, Ni. The fast diffusing solutes reside both on substitutional and
interstitial sites. Depending on the solute, the atoms may mostly occupy substitutional or
interstitial sites at equilibrium. However there is a distribution of atoms between these two types
of sites. The higher mobility of interstitial atoms due to the ease of movement implies that it is
the more important in the diffusion of such solutes.

Some transition metals diffuse many orders of magnitude faster than the host silicon atoms
because a fraction of these impurites occupy interstitial positions at equilibrium. Besides the
activation energy for the jumping of these interstitial atoms is quite small.
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With both interstitials and vacancies present at equilibrium the diffusion coefficient for any
solute atom in Si is the sum of the vacancy and interstitial contributions. Thus

D = D I N I + DV N V

(3)

I stands for interstital and V for vacancy. Therefore DI is the diffusivity of interstitials etc. N is
the equilibrium concentration.

The conversion of solute atoms from interstitials to lattice sites can be accomplished by two
mechanisms, the kick out mechanism or the dislocation mechanism (dissociative mechanism).
Cu-Ge was the first experiment that was done that did not obey Fick’s laws. Hence I list that
example below.

The dissociative mechanism happens as given by the following equations.

Cu Si = Cu I + VSi

(4)

The first variable in this form of notation is the element and the subscript refers to the position of
that element in the crystal lattice. So a copper atom in a silicon lattice position gets converted to
a vacancy in the silicon lattice position and a copper atom interstital.

K = N I NV / N S

(5)

where K is the equilibrium constant.
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The kick out mechanism is the other mechanism to move interstitial solute onto lattice sites.
Here the interstitial silicon pushes an interstitial in a silicon lattice position onto the regular
interstitial position.

AI = ASi + Si I

(6)

K = N S N I / NV

(7)

Diffusivity after ion-implantation and annealing

It is known that if there are successive diffusive steps then the diffusivity is governed by
Equation 12

Dt tot = D1t1 + D2 t 2

(8)

Here ttot is the total time of diffusion and t1 represents the first diffusion step namely ion
implantation and t2 the second step which is annealing. D1 and D2 are similarly the two
diffusivites in both the cases.

Magnetism

It is assumed that each magnetic atoms experiences a field proportional to magnetization.
Magnetization is the magnetic moment per unit volume.

27

B = λM

(9)

B is the magnetic field intensity, M is magnetization, λ is a constant independent of temperature

The Curie temperature Tc is the temperature above which the spontaneous magnetization
vanishes. Above Tc the material has a disordered paramagnetic phase while below Tc it has an
ordered ferromagnetic phase.

It is known that

M S = Nµ tanh( µλM / kT )

(10)

MS is saturation magnetization, N is number of ions, µ is the magnetic moment, k is Boltzmann
constant, T is absolute temperature.

Let m=M/Nµ and t=kT/Nµ2λ, then

(11)

m = tanh( m / t )

This equation is not good for T<<Tc but that temperature range is not of our concern.
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Figure 7 Graphical Solution Of Equation 15
t=T/TC. The three curves correspond to 2TC, TC, 0.5TC. The curve for t=1 has a tangent at the
origin that represents the onset of ferromagnetism.

The intercept of the two curves gives the value of m at the required temperature. The critical
temperature is t=1 or Tc=nµ2λ/K.

Weiss was the one who assumed that actual specimens can be composed of small regions,
namely domains. Within each domain the local magnetization is saturated. The directions of
magnetization in different domains need not be parallel.
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Magnetic moment increases on application of an external magnetic field in the following two
ways. In weak fields, the volume of those domains that are suitably oriented with respect to the
applied field expands at the expense of those domains that are not suitably oriented.

The increase in the magnetic moment under an applied magnetic field takes place due to two
independent processes. In weak fields, the volume of the domains that are favorably oriented to
the field expand at the expense of the unfavorable ones. In strong fields, the magnetization
rotates towards the direction of the field.

By suppressing the chances of boundary displacement due to precipitation of second phase
particles increases the coercivity while pure homogenous materials will have a high permeability.

Anisotropy energy defined: The energy that directs the magnetization along certain
crystallographic axes is called anisotropy energy or magnetocrystalline energy. The direction is
called direction of easy magnetization.

Bloch wall defined: The transition layer that separates adjacent domains that have been
magnetized in different directions.

Coercive Force and Hysterisis: The field Hc that reduces the induction B to zero is called
coercive force. A low coercive force means a low hysterisis. The coercive force decreases as the
impurity content decreases and also as the internal strains are eliminated by annealing.
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Domains originate to lower the energy of the system by changing from a saturated configuration
to a domain configuration with lower energy. If not for anisotropy energy, then the bloch wall
thickness would increase. This would imply a lower magnetization.
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CHAPTER THREE: RESULTS
A comparision is drawn among the samples, Cz-Si ion implanted at 340 °C, Cz-Si ion implanted
at room temperature and Fz-Si ion implanted at 340 °C. An analysis of the individual profiles of
every sample is also provided outlining the differences on ion implantation and thermal
annealing.

Figure 8 SIMS Depth Profile Of Mn Ion Implanted In Cz-Si At 340 °C And Annealed
(a) As Implanted And Annealed At 300 °C
(b) Annealed At 500, 700 °C
(c) Annealed At 900, 1000 °C
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There is only one peak in the as-implanted condition and in the samples annealed at 300 and
500 °C, but this changes to two peaks at 70 and 140 nm on annealing at 700 °C, three peaks at 90,
290 and 150 nm on annealing at 900 °C and only one peak at 150 nm on annealing at 1000 °C.
This kind of multiple peak formation is observed in Cz-Si and Fz-Si ion implanted at 340 °C as
shown in Figures 8 and 12. In Figure 9 it is clear that the peak rises higher for 500, 700 and
900 °C anneal, but drops lower for 1000 °C anneal. The decrease from the peak to the tail is
gradual in the as-implanted; 300 and 500 °C annealed samples.

On annealing at 300 °C the profile closely matches that of the as-implanted one. At 700 °C
anneal there is a deviation from a depth of 250 nm onwards and the concentration reduces
compared to as-implanted, 300 and 500 °C anneal conditions.

Figure 9 Linear Concentration Scale Of Cz-Si Ion Implanted With Mn At 340 °C
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Figure 10 SIMS Depth Profile Of Mn Ion Implanted In Cz-Si At Room Temperature And
Annealed
(a) As Implanted And Annealed At 300 °C
(b) Annealed At 500, 700 °C
(c) Annealed At 900, 1000 °C

There is not much change between the as-implanted sample and the sample annealed at 300 °C.
At 500 °C the curve shifts slightly to the left with a bump at 230 nm. The shift becomes
predominant at 700 °C and higher temperatures. This trend is specific for Mn implanted in Cz-Si
at room temperature. After annealing at 700 °C and above, the concentration of Mn ions at 230
nm is three orders of magnitude lower than that of the as-implanted sample.

The peaks are higher in the case of 300 and 500 °C anneal compared to the as implanted case.
The peak height starts to lower on annealing at 700 °C. The peaks are lower than the as34

implanted condition on annealing at 700, 900 and 1000 °C. The width is also smaller in the
samples annealed from 700 to 1000 °C shown in Figure 9. The tail end moves to the left from
700 °C onwards seen in Figure 10.

Figure 11 Linear Concentration Scale Of Cz-Si Ion Implanted With Mn At Room Temperature

The profiles of the Fz Si implanted at 340 °C and the sample annealed at 300 °C match closely.
The decrease from the peak is gradual in case of as-implanted, 300, 500 and 700 °C annealed
samples.
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Figure 12 SIMS Depth Profile Of Mn Ion Implanted In Fz-Si At 340 °C And Annealed
(a) As Implanted And Annealed At 300 °C
(b) Annealed At 500, 700 °C
(c)Annealed At 900, 1000 °C

Multiple peaks start appearing at 700 °C annealing. There are two peaks at 90 and 150 nm for the
700 °C annealed specimen. The 900 °C annealed specimen shows three peaks at 40, 150 and 320
nm. The 1000 °C annealed specimen has only one peak at 168 nm. Steps are noticed in the tail
for samples annealed at 900 and 1000 °C. This is a region where there is no decrease in slope.
This occurs for Cz-Si ion implanted with Mn at 340 °C also. The decrease to the tail is gradual at
all annealing temperatures unlike in Figure 10 for ion implantation at room temperature. At
700 °C anneal the tail region starts to drop at around 600 nm just as in the case of Figure 8.
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The peak height starts to increase slightly at 500 °C. The width of this peak is almost the same as
that of the sample implanted at 340 °C and the sample annealed at 300 °C. In case of the sample
annealed at 700 °C the heights of the peaks is increased. The height of the 900 °C annealed
specimen is the highest. The peak height lowers again at 1000 °C annealing but it is higher than
the rest.

Figure 13 Linear Concentration Scale Of Fz Si Ion Implanted At 340 °C

The graphs for magnetization versus magnetic field are drawn below.
The normalized values that were obtained taking the mass of the implant into consideration were
used for all the graphs
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Figure 14 Magnetization Curves Of Cz-Si Ion Implanted With Mn At 340 °C

The magnetization curves at 5, 10, 100, 300 K are shown in Figure 14. The sample used was CzSi ion implanted with Mn at 340 °C. The magnetization is zero when the magnetic field is zero.
As the magnetic field increases the magnetization also increases. Correspondingly for the other
cycle when the magnetic field is reduced the magnetization is also reduced. The curve indicates
that ion implantation of Mn at 340 °C in Si led to paramagnetism.
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Figure 15 Magnetization Curves Of Cz-Si Ion Implanted With Mn At Room Temperature

The general trend of increased magnetization on increased magnetic field is observed in Figure
15. Magnetization obtained is lower than those obtained in Cz-Si and Fz-Si ion implanted at
340 °C. The low values of remnant magnetization and coercivity suggests that Cz-Si ion
implanted with Mn at room temperature is predominantly paramagnetic. The values of remnant
magnetization, saturation magnetization and coercivity could not be clearly determined.
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Figure 16 Magnetization Curves Of Fz-Si Ion Implanted With Mn At 340 °C

The magnetization versus magnetic field measurement shown in Figure 16 shows paramagnetism.
Higher magnetization is obtained when compared to Cz-Si ion implanted at room temperature.

Figure 17 Magnetization Curves Of Cz-Si Ion Implanted With Mn At 340 °C And Annealed
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At all temperatures of measurement 5, 10, 100, 300 K the magnetization increases
correspondingly with the magnetic field and decreases on decreasing the magnetic field. The
zero of magnetization and the zero of magnetic field fairly match.

Figure 18 Magnetization Curves Of Cz-Si Ion Implanted With Mn At Room Temperature And
Annealed At 900 °C For 30 Min.

After annealing of Cz-Si ion implanted at room temperature the magnetic field is zero when the
magnetization is zero. The same trend of the cycle is observed on increasing and decreasing the
magnetic field. This suggests that annealing has not changed the paramagnetic nature of the
material.
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Figure 19 Magnetization Curves Of Fz-Si Ion Implanted With Mn At 340 °C And Annealed At
900 °C For 30 Min.

At 5 K, the magnetization measurement showed paramagnetism but at 10 K magnetization
remains fairly constant at zero.
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CHAPTER FOUR: DISCUSSION AND CONCLUSIONS

Cz-Si and Fz-Si both exhibit the more or less the same redistribution profiles on ion implantation
at 340 °C with some differences. Multiple peak formation is observed in both the cases which
depends on the fluence of the Mn atoms during ion implantation. The solubility limit of Mn in Si
at even 1000 °C is ~1016 cm-3 [6]. Hence because the fluence of the ion implanted species is
greater than the solubility limit the excess Mn atoms can get precipitated out or form clusters.
Cz-Si ion implanted at room temperature did not exhibit multiple peak formation. Magnetic
properties depend on annealing because annealing heals the implantation damage.
Paramagnetism may be due to precipitates of Mn. The increase in the height of the peaks is due
to trapped Mn atoms or due to lesser mobility due to the formation of clusters and precipitates of
Mn.

In Figure 8; the ion implanted case and 300 and 500 °C annealed cases, there is only peak
formed. The samples annealed at 700 and 900 °C show multiple peak formation. Peak formation
can be due to precipitation and clustering of Mn atoms. Multiple peaks are formed because Mn
atoms get trapped at defect sites. This leads to the formation of a second peak in the case of 700
and 900 °C annealing.
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At 300 °C anneal the tail goes higher and to the right when compared to the implanted specimen
because of the diffusion of Mn atoms. The possibility of dislocation loops in the sample can act
as gettering sites at high temperatures that do not allow precipitation of the fast diffusing Mn
atoms near the surface. Gettering of Mn near the EoR region at 250 nm causes the tail to move
down in case of samples annealed at 700 °C and higher.

In Figure 10, we do not notice multiple peak formation. Ion implantation conducted at room
temperature permitted solid phase epitaxial regrowth of the amorphous region that was damaged
by ion implantation. As the amorphous-crystalline interface moves towards the surface Mn
atoms get segregated at the interface due to differential solid solubility limits in the amorphous
and crystalline regions. This explains the bump, at 230 nm for the sample annealed at 500 °C,
that is the signature of the onset of solid phase epitaxial regrowth. Therefore at 300 °C due to the
absence of solid phase epitaxial regrowth the profiles of the as-implanted and annealed samples
match. The peak Mn concentrations at higher annealing temperatures represent Mn rich
precipitates at the boundary of the polycrystalline material and the epitaxial layer caused by
regrowth. The peaks get narrower compared to the broader peaks in the as-implanted and 300 °C
annealed samples. This is because the Mn atoms are trapped at the amorphous-crystalline
interface. The tail region also moves to the left due to lesser mobility and the precipitation of Mn.

In Figure 12, the as-implanted, 300 °C anneal and 500 °C anneal cases are fairly the same as in
Figure 8. This is because the condition of ion implantation was the same in both the cases. The
choice of material between Cz-Si and Fz-Si has little effect on the diffusion profiles. The peaks
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at approximately 150 nm in Cz-Si and Fz-Si ion implanted at 340 °C corresponding to a high
concentration of Mn could be due to Mn precipitates or Mn silicides.

Magnetization M depends on external applied magnetic field H at different temperatures. In the
case of Cz-Si ion implanted with Mn at 340 °C paramagnetism is indicated as shown in Figure
14. It remains paramagnetic even after annealing as shown in Figure 17. Paramagnetism could be
due to the presence of Mn atoms concentrated at the peak.

Figures 15 and 16 also indicate paramagnetism on implanting Mn in Si. Paramagnetism could
also be due to the presence of clusters and precipitates of Mn in Si which would be
predominantly high at the peaks of the corresponding SIMS profile. Magnetic properties and the
diffusion profiles are independent of the choice of material between Cz-Si and Fz-Si.

Figure 18 indicates diamagnetic behavior in the case of magnetic field measured at 10K and
paramagnetism when measured at 5K. A clear reason is not known for this difference.
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CHAPTER FIVE: SUMMARY

Diffusion profile of Mn into a silicon substrate seems to be independent of the choice of type of
the silicon, either Cz-Si or Fz-Si. Ion implantation at room temperature and at 340 °C lead to
only single peak formation in both cases of Cz-Si or Fz-Si. This peak corresponds to the high
concentration of Mn. Multiple peaks are seen on annealing at 700 °C in Cz-Si and Fz-Si that
were ion implanted at 340 °C. The Mn profiles after annealing depend on the temperature of the
ion implantation. Annealing Cz-Si that was ion implanted with Mn at room temperature did not
yield multiple peaks. The concentration of Mn is also much lower in case of room temperature
ion implantation. One difference in choosing between Cz-Si and Fz-Si is that Fz-Si has more out
diffusion when compared to Cz-Si.

The reason for the formation of a gradual tail in the case of samples implanted at 340 °C is
gettering near the End of Range implantation damage area. Hence the tail moves to the left
towards the surface.

The peaks that form are caused by precipitates or clusters of Mn. In the case of ion implantation
of Cz-Si in room temperature, solid phase epitaxial regrowth occurs. The reason for the single
peak formation is the precipitation of Mn at the boundary of the amorphous-crystalline interface
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during solid phase epitaxial regrowth. The multiple peaks in case of samples implanted at 340 °C
is due to trapping of Mn at defect sites and the formation of clusters and precipitates at these sites.

Ion implantation of Cz-Si and Fz-Si with Mn ends in paramagnetism. Paramagnetism is obtained
in case of Cz-Si and Fz-Si in all samples. Ion implantation at both room temperature and 340 °C
leads to paramagnetism which does not change even on annealing.
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